is not yet sufficient to predict the molecular responses of PTPs to oxidative stress. However, identifying distinct responses will enable novel routes for PTP-selective drug design, important for managing diseases such as cancer and Alzheimer's disease. Therefore, we performed a detailed biochemical and molecular study of all KIM-PTP family members to determine their H 2 O 2 oxidation profiles and identify their reversible inactivation mechanism(s). We show that despite having nearly identical 3D structures and sequences, each KIM-PTP family member has a unique oxidation profile. Furthermore, we also show that whereas STEP and PTPRR stabilize their reversibly oxidized state by forming an intramolecular disulfide bond, HePTP uses an unexpected mechanism, namely, formation of a reversible intermolecular disulfide bond. In summary, despite being closely related, KIM-PTPs significantly differ in oxidation profiles. These findings highlight that oxidation protection is critical when analyzing PTPs, for example, in drug screening.
intermediate is unstable and rapidly converts to either a sulfenamide bond, as identified in PTP1B (17, 18) and PTP␣ (19) , or an intramolecular disulfide bond, as identified in Lyp (20) , SHP1 and SHP2 (21) , among others (22, 23) (k 3 , Fig. 1 ). Although slow, both modifications are reversible (k 4 ; Fig. 1 ). In contrast, extended exposure to oxidizing agents results in the formation of sulfinic (Cys-SO 2 H) and sulfonic (Cys-SO 3 H) acid species, both of which are irreversible; thus, these modifications permanently inactivate PTPs (10, 16) (k 2 , Fig. 1 ). In cells, the reversible oxidation state of the active site cysteine of PTPs is controlled by cellular redox buffers as well as protein reductases, which function to prevent the formation of these irreversible modifications (24) .
PTP1B, which forms a sulfenamide bond upon ROS exposure, is the canonical PTP that has been used to understand how classical PTPs are reversibly oxidized in cells (25) . However, recent studies have shown that many PTPs and dual specificity phosphatases (DUSPs; DUSPs use a cysteine-based catalytic mechanism identical to that of PTPs) rarely form sulfenamide intermediates, but instead form intramolecular disulfide bonds to protect against irreversible oxidation (20, 22, 23) . To understand how the family of KIM-PTPs are regulated by ROS, we investigated their oxidation by H 2 O 2 and their reactivation by dithiothreitol (DTT). Our results show that STEP and PTPRR are stabilized by an intramolecular disulfide bond upon oxidation, similar to other cytoplasmic PTPs and DUSPs. However, both STEP and PTPRR are slowly reactivated by DTT compared with other PTPs. We also used kinetic assays, iodoacetamide labeling, nuclear magnetic resonance (NMR) spectroscopy, and mass spectrometry (MS) to show that HePTP uses a novel mechanism, namely the formation of an intermolecular disulfide bond, to prevent its irreversible oxidation, which leads to the reversible dimerization of HePTP.
Results

HePTP, STEP, and PTPRR are reversibly oxidized by H 2 O 2
We used the catalytic domains of HePTP (residues 44 -339), STEP (residues 244 -539), and PTPRR (residues 361-655) to determine the H 2 O 2 -mediated oxidation and subsequent thiolmediated regeneration of KIM-PTP activities. To determine the sensitivity of the KIM-PTPs to H 2 O 2 -mediated oxidation, each KIM-PTP was incubated with a range of H 2 O 2 concentrations for 15 min and, after a 10-min incubation with buffer, their activities were measured. As expected, all KIM-PTPs are sensitive to H 2 O 2 -mediated oxidation (Fig. 2) , with their steady-state activity decreasing with increasing H 2 O 2 concentrations. However, they are not uniformly sensitive. Rather, STEP was the most and PTPRR the least sensitive to H 2 O 2mediated oxidation. Specifically, H 2 O 2 concentrations of ϳ60, 100, and 150 M resulted in a 50% reduction of activity by STEP, HePTP, and PTPRR, respectively, whereas concentrations of Ն320, 400, and 500 M fully abolished their activities ( Fig. 2 , A, C, and E). The oxidation was also time-dependent. Namely, longer incubation times reduced the concentrations of H 2 O 2 needed to inhibit STEP, HePTP, and PTPRR by 50 and 100%: 16/80, 32/320, and 20/100 M , respectively (60 min; supplemental Fig. S1 ).
We then asked if the observed H 2 O 2 -mediated oxidation of the KIM-PTPs was reversible (also known as thiol-dependent recovery, oxidation reversibility, or reactivation). In these experiments, the KIM-PTPs were oxidized as described above with the exception that 10 mM DTT was present during the 10-min incubation step prior to the activity measurements. The results show that the extent of reactivation was not uniform, but instead was specific to each KIM-PTP. The reactivation also varied with both H 2 O 2 concentration and time. Namely, the measured IC 50 values for H 2 O 2 -mediated inhibition increased by ϳ4-(HePTP), 2-(STEP), and 1.5-fold (PTPRR) in the presence of DTT (60 min; Fig. 2 , B, D, and F, and supplemental Fig. S1 ). In the presence of H 2 O 2 , the thiolate ion of the PTP catalytic cysteine is reversibly oxidized to sulfenic acid (k 1 ). Due to its instability, sulfenic acid quickly converts into: 1) the thiolate ion (k Ϫ1 ), 2) one of two irreversibly oxidized states, sulfinic acid (k 2 ) or sulfonic acid (not shown), or 3) one of two reversibly oxidized states, a disulfide or a sulfenamide (k 3 ). The latter can both be reduced and reactivated by reducing agents such as DTT (k 4 ). 
The full kinetic profiles of the H 2 O 2 -mediated inactivation and DTT-mediated reactivation of the KIM PTPs
Next we carried out a series of time-dependent oxidation and reactivation experiments to obtain the full kinetic oxidation profiles of HePTP, STEP, and PTPRR ( Fig. 1 ). First, we determined the reactivity of KIM-PTPs toward oxidation (k 1 ). In these experiments, the KIM-PTPs were incubated with different concentrations of H 2 O 2 (25, 50, 100, 250, and 500 M) for varying amounts of time (0 -900 s; Fig. 3 , A-C). The reactions were quenched by diluting into a buffer with catalase and the resulting activities were measured using pNPP as a substrate. The data show that the measured rates of H 2 O 2 -mediated inactivation varied linearly with H 2 O 2 concentration, with secondorder rate constants (k 1 ) of 8.8 Ϯ 0.7, 13.0 Ϯ 0.5, and 17.8 Ϯ 0.8 M Ϫ1 s Ϫ1 for HePTP, PTPRR, and STEP, respectively ( Fig. 3 , A-C, inset, and Table 1 ). These values are comparable with those obtained for other PTPs, including VHR (17.9 M Ϫ1 s Ϫ1 ) (26), PTP1B (9.1 M Ϫ1 s Ϫ1 ) (27) , and MKP3 (9.6 M Ϫ1 s Ϫ1 ).
Next, we determined the rates of reactivation (k 4 ) by DTT (k 4 ; Fig. 1 ). In these experiments, HePTP, STEP, and PTPRR were oxidized by incubating with 500 M H 2 O 2 for 10 min. They were then rapidly mixed with varying concentrations of DTT (2.5 to 40 mM) and the pNPP substrate. The resulting rate constants (k obs ) were then plotted as a function of the DTT concentration to obtain the reactivation rates (k 4 ; Fig. 3 , D and E). The determined k 4 values were 0.8 Ϯ 0.1 and 0.073 Ϯ 0.006 M Ϫ1 s Ϫ1 for HePTP and STEP, respectively (Fig. 3 , D and E, inset, Table 1 ); the reactivation rate for PTPRR could not be confidently determined. Taken together, the data show that STEP has a very slow DTT-mediated reactivation rate, whereas that of HePTP is similar to those obtained for other PTPs,
Finally, we determined the irreversible inhibition rates (k 2 ) for the KIM-PTPs. In these experiments, the KIM-PTPs were incubated with high concentrations of H 2 O 2 (1000 -5000 M; Fig. 3 , F-H). The observed rate constants (k obs ) for each concentration were then plotted as function of the H 2 O 2 concentration to obtain the irreversible oxidation rate (k 2 ). This resulted in k 2 values of 5.2 Ϯ 0.6, 5.8 Ϯ 0.9, and 29.4 Ϯ 1.3 M Ϫ1 s Ϫ1 for HePTP, PTPRR, and STEP, respectively ( Fig. 3 , F-H, inset, Table 1 , supplemental Fig. S2 ). Together, these data show that despite having highly similar 3D structures and sequences, each KIM-PTP family member has a very unique oxidation profile.
STEP and PTPRR use intramolecular disulfide bonds to stabilize their reversible oxidized states
In PTP1B, the reversible oxidation of the active site cysteine, Cys 215 , results in the formation of a sulfenamide bond with Ser 216 (17, 18) . In contrast, the reversible oxidation of other PTPs (e.g. Lyp (20) , Cdc25B (22) , and PTEN (23)) results in the formation of a disulfide bond between the active site cysteine and a second cysteine known as the "backdoor cysteine" (BC) (28) . Notably, PTP1B also contains a BC. Similarly, the residue C-terminal to the catalytic cysteine in PTPN22, CDC25B, and PTEN is also a serine. Why a particular mechanism (sulfenamide formation versus disulfide bond formation) is preferred by distinct PTPs is currently unknown. It is also unknown if additional molecular mechanisms exist that stabilize a reversible oxidized state of cytosolic PTPs.
The KIM-PTPs also contain both BCs (HePTP(Cys 183 ), STEP(Cys 384 ), PTPRR(Cys 501 )) and serine residues immediately C-terminal to their catalytic cysteines (HePTP(Ser 271 ), STEP(Ser 473 ), PTPRR(Ser 589 )). To determine whether STEP and PTPRR use an intramolecular disulfide bond between their active site cysteines (STEP(Cys 472 ) and PTPRR(Cys 588 )) and their BCs to protect against irreversible oxidation, we generated variants of both proteins in which the BC were mutated to Ser, STEP(C384S), and PTPRR(C501S), and measured their ability to be reactivated by DTT. Circular dichroism (CD) spectropolarimetry showed that the secondary structure and stability of both STEP(C384S) and PTPRR(C501S) were unaffected by the mutations (supplemental Fig. S3 , A and B). However, the catalytic activities of STEP(C384S) and PTPRR(C501S) were reduced 4-and 8-fold, respectively, when compared with their wt counterparts (supplemental Fig. S3 , C and D; supplemental Table S1; to compensate for the reduced activity of STEP(C384S) and PTPRR(C501S), increased protein concentrations were used for all experiments). We then measured the H 2 O 2 -mediated inactivation and subsequent reactivation by DTT of both variants. Although STEP(C384S) is more resistant and PTPRR(C501S) is more sensitive to H 2 O 2 -mediated oxidation (Fig. 4 , A and C), neither is capable of being reactivated by DTT ( Fig. 4 , B and D); i.e. oxidized STEP(C384S) and PTPRR(C501S) proceed directly to an irreversible oxidation state. This differs significantly from their wt counterparts, which both exhibit ϳ5-7-fold more reactivation than the variants, respectively (Fig. 4, B and D) . Together, these data demonstrate that BCs stabilize the reversible oxidation state of STEP and PTPRR.
To further confirm that STEP(Cys 384 ) and PTPRR(Cys 501 ) are the BC residues that form disulfide bonds with their catalytic cysteines, we used LC/MS (mass spectrometry) in combination with iodoacetamide (IAM) labeling (29, 30) . For this experiment, the individual proteins were incubated for 10 min with H 2 O 2 , to allow for disulfide bond formation, or incubated without H 2 O 2 . Samples were then treated with IAM to protect the free cysteine thiols. This was followed by tryptic digestion (in the absence of reducing agent to preserve existing disulfide bond(s)), after which the samples were analyzed using MS. As a control, a second set of samples was prepared identically with the exception that after digestion, the sample were incubated with both DTT (to reduce any disulfide bonds) and IAM (to label the now free cysteines previously protected by disulfide bonds); these control samples are expected to have MS profiles identical to the untreated samples.
As predicted by the BC variant experiments, both disulfidelinked peptides were observed in the oxidized samples, which correspond to tryptic fragments with monoisotopic masses MH 4ϩ and MH 5ϩ of 1315.8737/1052.8972 and 572.2944/ 458.0387 for STEP and PTPRR, respectively ( Table 2 ). The peptides were not present in untreated samples (no H 2 O 2 ). They were also not present when the oxidized samples were subsequently treated with DTT ( Table 2 ). This shows that the presence of these disulfide-linked peptides is strictly dependent on H 2 O 2 -mediated oxidation. To confirm that the observed disulfide-linked peptides were generated intra-molecularly, we used nuclear magnetic resonance (NMR) spectroscopy. First, we collected a 2D [ 1 H, 15 N]TROSY NMR spectrum for STEP and PTPRR, which are of high quality for 35-kDa proteins. We then oxidized both proteins using various concentrations of H 2 O 2 for 10 min (the reaction was quenched using catalase). Only small chemical shift perturbations (CSPs) or minimal line broadening were observed for both PTPRR and STEP in oxidized versus non-oxidized samples. Mapping these CSPs on the primary sequence and structure of STEP (the sequence-specific backbone assignment is only available for STEP (31) and not for PTPRR), showed that all CSPs are, as expected, in or around the active site (supplemental Fig. S4 , A-D). Together, the kinetic, MS, and NMR data confirmed that the mechanism used by both STEP and PTPRR for reversible oxidation is intramolecular disulfide bond formation between their catalytic and backdoor cysteines.
HePTP does not stabilize its reversibly oxidized state by forming a disulfide bond with its BC
To identify the mechanism used by HePTP to stabilize its reversibly oxidized state, we generated a BC residue-deficient variant (HePTP(C183S)) and measured its ability to be reactivated. CD studies showed that the secondary structure and stability of HePTP(C183S) were unaffected by the mutation (supplemental Fig. S5A ). However, the catalytic activity of HePTP(C183S) was reduced 7-fold when compared with wt (supplemental Fig. S5B ; supplemental Table S1 ; to compensate for the reduced activity of HePTP(C183S), increased protein concentrations were used for all experiments). We then measured the H 2 O 2 -mediated inactivation and subsequent reactivation by DTT of HePTP(C183S). Unexpectedly, and unlike STEP(C384S) and PTPRR(C501S), the H 2 O 2 -mediated inhibition of HePTP(C183S) is fully reversible, reaching levels virtually identical to that observed for wt HePTP (Fig. 4, E and F) . Thus, these data show that the HePTP BC (Cys 183 ) is dispensable for HePTP reversible oxidation.
To identify if an alternative cysteine is responsible for stabilizing the reversibly oxidized state of HePTP, we examined two surface exposed cysteines: Cys 116 and Cys 207 . Unlike Cys 183 , Cys 116 and Cys 207 are distal from the active site, ϳ20 Å away from Cys 270 . We then measured the H 2 O 2 -mediated inactivation and subsequent reactivation by DTT of HePTP(C207S) and HePTP(C116S). Unlike HePTP(C183S), the enzymatic activity of both HePTP(C116S) and HePTP(C207S) is essentially identical to that of HePTP (supplemental Table S1 ; supplemental Fig. S5B ). They are also equally susceptible to H 2 O 2mediated inactivation (Fig. 4E ). However, only HePTP(C207S) is reactivated by DTT; HePTP(C116S) is not (Fig. 4F ). This demonstrates that Cys 116 is required to stabilize the reversible oxidized state of HePTP.
HePTP uses an intermolecular disulfide bond to stabilize its reversible oxidized state
To confirm that a disulfide bond is formed between the HePTP active site Cys 270 and surface-exposed Cys 116 , we used LC/MS in combination with IAM labeling. Samples were prepared as described for STEP and PTPRR. Briefly, the proteins were incubated for 10 min with or without H 2 O 2 , treated with IAM to protect the free cysteine thiols, digested using trypsin, and the resulting peptides analyzed using LC/MS. The Fig. S6 ). Because Cys 116 is more than 20 Å away from Cys 270 , the formation of this reversible disulfide bond must be intermolecular and not intramolecular. To test this, we used size exclusion chromatography (SEC), non-reducing SDS-PAGE, and NMR spectroscopy (2D [ 1 H, 15 N]TROSY). The samples were prepared by incubating HePTP with either (a) increasing concentrations of H 2 O 2 for a single length of time or (b) a single concentration of H 2 O 2 but different lengths of time. SEC analysis of both samples clearly showed monomeric, dimeric, and at higher concentrations or later time points, oligomeric species ( Fig. 6A; supplemental Fig. S7 ). This result was mirrored in the non-reducing SDS-PAGE (Fig. 6B) . These analyses confirmed that dimer and oligomer formation is dependent on both oxidant concentration and time (supplemental Fig. S7 ). In the NMR analysis, three events were observed: 1) small CSPs; 2) an overall uniform decrease in peak intensity, most likely due to dimerization/multimerization as seen in SEC; and 3) the appearance of additional high-intensity peaks in the center of the spectrum, typical for peaks found in flexible, loop-like regions (Fig. 7, left panels; supplemental Fig. S8 ). The appearance of these new peaks correlated with the CD data that showed a time-dependent reduction of ␣-helical content upon H 2 O 2 addition (supplemental Fig. S9A ). Cys 116 is in a mixed helical/loop region in HePTP and thus it is most likely that this region partially unfolds to allow the disulfide bond between Cys 116 and Cys 270 to form. Correspondingly, oxidized HePTP has two transition temperatures in its CD melting curve (supplemental Fig. S9B ). In contrast, oxidized HePTP(C116S) exhibits only a single transition, similar to oxidized STEP and PTPRR (supplemental Fig. S9 , C-E). Thus, it is likely that the first observed transition in the oxidized HePTP CD melting experiment reflects the unfolding of the Cys 116 region and the second transition corresponds to the complete unfolding of oxidized HePTP. The observed CSPs belong to residues about the active site as well as near Cys 116 , in agreement with the LC/MS data that show the reversible disulfide bond occurs between Cys 270 and Cys 116 . Moreover, these data further confirm that the observed disulfide is intermolecular, as an intramolecular disulfide bond between these residues would require much larger structural changes and, as a consequence, lead to extensive CSPs throughout HePTP. Last, we repeated the NMR experiments to test for reversibility by adding DTT to the samples after a 10-min incubation with H 2 O 2 . Indeed, the spectra regained some peak intensity as well as the number of highintensity peaks was reduced, further supporting the reversible nature of this transition, confirmed also by the non-reducing SDS-PAGE results (Figs. 6B and 7, right panels; supplemental Fig. S10 ).
Discussion
107 human genes encode PTPs (32) , which are classified as tyrosine-specific non-receptor PTPs, receptor PTPs, and DUSPs (33) . It has become apparent that most PTPs are readily oxidized and thus are temporarily or permanently inhibited by ROS (10, 34, 35) . Detailed kinetic oxidation profiles of several PTPs have been reported that show wide variations in oxidation kinetics as well as the use of distinct molecular mechanisms to stabilize the reversible oxidized state (36) . Here we expand on these results by studying the oxidation profile of the KIM-PTP family, which includes HePTP, STEP, and PTPRR. Overall, the reported rates of reversible oxidation (k 1 , Fig. 1 (27) . However, the DTT-mediated reactivation rates are much slower for STEP (0.073 M Ϫ1 s Ϫ1 ) and PTPRR (not determined), which show that STEP and PTPRR are comparatively slowly reactivated upon oxidation; in fact, they are the lowest reactivation rates thus far reported for any PTP when DTT is used as a reducing agent. One possibility for the slow reactivation of STEP and PTPRR by DTT might be that STEP and PTPRR are more rapidly reactivated by reductases such as glutaredoxin or thioredoxin, as it was previously observed for PTP1B and Cdc25B (27, 38) .
Previous studies have demonstrated that PTPs use distinct molecular mechanisms to stabilize their reversible oxidation state (9, 22, 26) . Here, we show that STEP and PTPRR use an intramolecular disulfide bond. Although this was the second mechanism discovered, multiple studies, including this one, have revealed that this is the mechanism most commonly used by PTPs to stabilize their reversible oxidation state. However, our data also unexpectedly show that HePTP uses a distinct mechanism. Namely, it forms an intermolecular disulfide bond between its active site cysteine (Cys 270 ) and a surface-exposed cysteine residue (Cys 116 ). This intermolecular disulfide bond leads to dimerization and oligomerization (Fig. 8) . This mechanism is novel and has so far not been described for any other PTP. Previously, the most closely related mechanism was intermolecular disulfide bond formation for receptor type PTPs, including RPTP␣ (39, 40) and RPTP⑀, as well as that of non-receptor PTP⑀ (41), RPTP, LAR, and CD45 (42) . How-ever, in these cases, the active site cysteine forms a disulfide bond with an active site cysteine of another molecule forming dimerization between PTP domains, specifically their D2 domains.
In summary, although having closely related sequences, structures, and functions, the family of KIM-PTPs have significantly different oxidation profiles. Moreover, once oxidized, STEP and PTPRR are only very slowly reactivated by DTT. These data are important as they highlight that oxidation protection is critical when analyzing these PTPs for drug screening. Furthermore, HePTP is a cytoplasmic protein-tyrosine phosphatase that forms an intermolecular dimer between the active site cysteine and a surface cysteine to stabilize its intermediate oxidized state. In conclusion, regulation of HePTP by oxidative stress affects it conformation and activity, whereas for STEP and PTPRR it only affects their activity.
Experimental procedures
Expression and purification of KIM-PTPs
DNA coding the human HePTP, STEP, and PTPRR catalytic domains (residues 44 -339, 244 -539, and 361-655, respectively) were subcloned into RP1B as previously described (43) . Site-directed mutagenesis was used to create all variants (Agilent Genomics). For protein expression, plasmid DNAs were transformed into Escherichia coli BL21(DE3) RIL cells (Agilent). Cells were grown in Luria broth in the presence of selective antibiotics at 37°C to an A 600 of ϳ0.8, and expression was induced by the addition of 1 mM isopropyl thio-␤-D-galactoside. Induction proceeded overnight at 18°C prior to harvesting by centrifugation at 7,647 ϫ g (15 min, 4°C). Cell pellets were stored at Ϫ80°C until purification. For NMR measurements, expression of uniformly 2 H, 15 N-or 2 H, 15 N, 13 C-labeled KIM-PTPs was facilitated by growing cells in D 2 O-based M9 minimal media containing 1 g/liter of 15 NH 4 Cl and/or 4 g/liter of D-[ 2 H, 13 C]glucose (CIL or Isotec) as the sole nitrogen and carbon sources, respectively. Multiple rounds (25, 50, 75, 90, and 100%) of D 2 O adaptation was necessary for high-yield expression (44) .
Cell pellets were resuspended in Lysis buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole, 0.1% Triton X-100) and lysed using high pressure homogenization (Avestin C3 EmulsiFlex). The lysate was cleared by centrifugation (40,905 ϫ g, 45 min, 4°C). The supernatant was filtered and loaded onto a nickel-nitrilotriacetic acid column equilibrated in Buffer A (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole). Protein was eluted in Buffer B (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 300 mM imidazole). The pooled eluted protein was incubated with tobacco etch virus overnight at 4°C in dialysis buffer (10 mM Tris-HCl, pH 8.0, 100 mM NaCl). The next day, a "subtraction" His tag purification was performed to remove tobacco etch virus and the cleaved His tag. Final purification was achieved using SEC (Superdex 75 26/60, GE Healthcare) equilibrated in Analysis Buffer (10 mM Tris-HCl, pH 7.8, 100 mM NaCl for HePTP; 50 mM Hepes, pH 7.3, 150 mM NaCl for STEP and 50 mM Hepes, pH 7.5, 150 mM NaCl for PTPRR). All experiments were performed in Analysis Buffer.
Determination of PTPase catalytic rates using pNPP as a substrate
The PTPase activities HePTP(44 -339) and variants (0.3 M), STEP(344 -539) and C384S (0.2 M), PTPRR(361-655) and C501S (0.15 M) were assayed at 30°C for 30 min in reaction mixtures containing a range of pNPP concentrations (0, 50, 100,  250, 500, 750, 1000, 2000, 3000, 4000, 6000, and 8000 M) . The reaction was stopped with 100 l of 1 M NaOH and the pNPP absorbance was measured at 405 nm using a microplate spectrophotometer (BioTek). The PTPase rates were calculated using the molar extinction coefficient of pNPP of 18,000 M Ϫ1 cm Ϫ1 . The hydrolysis of pNPP by PTPs is typically pH-dependent, with the maximal activity occurring at acidic pH values, typically between 5.5 and 7.0. To identify the pH values at which the KIM-PTPs are maximally active, we measured the pNPP hydrolysis rates of HePTP, STEP, and PTPRR over a broad range of pH values. Because the susceptibility of oxidation increases with increasing pH (45) , all oxidation experiments for HePTP, STEP, and PTPRR were analyzed at pH values where they were both active and maximally susceptible to oxidation, namely, pH 7.8, 7.3, and 7.5, respectively.
KIM-PTP inactivation by H 2 O 2 and subsequent reactivation by DTT
To measure the susceptibility of the KIM-PTPs to oxidation, HePTP (44 -339) , STEP(344 -539), and PTPRR(361-655) and variants (20 M) were incubated with different concentrations of H 2 O 2 (0, 3.2, 8, 16, 32, 60, 80, 160 , 320, 400, 1000, and 2000 M) for 15, 60, and 120 min at room temperature. 5 l of each reaction was then incubated in buffer (75/80 l) for 10 min at room temperature. pNPP (2666 M; 20 l for HePTP and 2000 M; 15 l for STEP and PTPRR) was then added and the reaction was incubated at 30°C for 15 min. To determine the ability of DTT to reverse the H 2 O 2 -mediated oxidation, identical experiments were performed with the exception that after incubation with H 2 O 2 , 5 l of each reaction was incubated with buffer containing 10 mM DTT prior to activity measurements. The IC 50 values for H 2 O 2 -mediated KIM-PTP inhibition were determined by identifying the concentration of H 2 O 2 that resulted in a 50% loss of activity.
Fast-kinetics of PTPs
To analyze the oxidation rate of HePTP(44 -339) and C116S, STEP(344 -539) and PTPRR(361-655) and C501S, 5 M were incubated with H 2 O 2 at different concentrations (0, 25, 50, 100, 250, 500, 1000, 2000, 3000, 4000, and 5000 M) at different times, 10, 20, 50, 75, 100, 125, 150, 175, 200, 250 , 300, 400, 500, 700, and 900 s at room temperature. 5 l from this reaction was taken and transferred to buffer in the presence of 15 units/ml of catalase. After, 2000 M pNPP was added and the reaction was incubated at 30°C for 15 min. The inhibition was calculated in percentage considering the point without H 2 O 2 as 100% for each point and plotted as a function of time to extract the k obs , using a single exponential decay equation, y ϭ ae Ϫkobst , then, the k obs for each H 2 O 2 concentration was plotted as a function of H 2 O 2 concentration to extract the oxidation rate from linear fit, y ϭ y 0 ϩ ax. To extract the reversible rate constant, H 2 O 2 concentrations from 25 to 500 M (observed from steady-state stationary experiment) were used, and to extract the irreversible rate constant, H 2 O 2 concentrations from 1000 to 5000 M (observed from steady state stationary experiment) were used. The observed rate constants (k obs ) for each H 2 O 2 curve were then plotted as function of H 2 O 2 concentration to obtain the reversible oxidation rate (k 1 ) and irreversible oxidation state (k 2 ).
To analyze the reversibility step of oxidation, 5 M HePTP 
Secondary structure and stability analysis by circular dichroism
CD spectra were analyzed with 2.5 M HePTP, HePTP (C116S), and HePTP(C183S) and STEP and PTPRR without or with 500 M H 2 O 2 at 25°C with wavelength scan 260 -190 nm, data pitch 0.5 nm, scanning mode continuous, scanning speed 50 nm/min, and 1-nm bandwidth with 3 accumulations. Before spectra, STEP and PTPRR were dialyzed overnight against buffer 10 mM Tris-HCl, pH 7.5, for PTPRR and at pH 7.3 for STEP and 100 mM NaCl. To acquire T m for each protein in the presence or absence of 500 M H 2 O 2 , the spectra were collected with a wavelength scan at 220 nm and temperature scan from 10 to 90°C, with data pitch 1°C, temperature slope of 1°C/min, bandwidth 1 nm. T m values were extracted using a two-state transition of a monomer from folded to unfolded state equations, assuming that the heat capacity of folded and unfolded are equal or correcting it as linear changes in ellipticity as a function of temperature (46) . The CD measurements were performed on a J-815 CD spectropolarimeter (Jasco).
SEC analysis of HePTP
HePTP(44 -339) was incubated with 0, 100, 300, 500, or 1000 M H 2 O 2 for 10 min at room temperature. HePTP was also incubated with 500 M H 2 O 2 for varying times (5, 10, 15, 20, and 30 min) . In all cases, the reaction was stopped by the addition of 120 units/ml of catalase. 500 l of oxidized HePTP was applied to a Superdex S75 10/300 GL SEC (GE Healthcare). An SEC standard curve (Bio-Rad) was applied to the same column/ buffer as reference.
KIM-family PTP use reversible oxidation intermediates
Non-reducing SDS-PAGE of HePTP
HePTP(44 -339) (1.7 mg) was incubated with 0, 100, or 500 M H 2 O 2 for 10 min at room temperature. The reaction was stopped by addition of 60 units/ml of catalase. The reactions were then incubated with IAM (10 mM) in the dark or 10 mM DTT. After 30 min, the samples were mixed with sample buffer with or without DTT and SDS-PAGE was performed.
Sample preparation for mass spectrometry
1-ml (50 M) samples of HePTP (WT, HePTP(C116S), HePTP(C270S)), STEP (WT, STEP(C384S)), and PTPRR(WT and PTPRR(C501S)) were incubated with (treated) or without (untreated) H 2 O 2 (500 M for 10 min) after which the reaction was stopped by addition of catalase (30 units/ml). The reactions were then incubated with IAM (2 mM) in the dark. After 30 min, 8 M urea was added to each sample and further incubated for 10 min. Each sample was then diluted 8-fold with 50 mM NH 4 HCO 3 , pH 8.3, resulting in a final concentration of 0.212 g of protein and 1 M urea. Trypsin (1:25) was then added to digest 100 g of protein at 37°C, for ϳ15 h. This produced the (i) untreated and (ii) treated samples; after desalting 100 l using a C18 tips (Thermo Scientific), samples (i) and (ii) were analyzed by mass spectrometry. 300 l of the remaining (not used for MS) untreated and treated samples were then incubated with 10 mM DTT and 55 mM IAM to produce the (iii) untreated followed by incubation with DTT and IAM and (iv) treated followed by incubated with DTT and IAM samples. After desalting samples (iii) and (iv) using C18 tips, they were immediately analyzed by mass spectroscopy.
Protein digest LC-MS
Samples (i-iv) were separated on the Agilent 1260 HPLC system using a Waters Symmetry separation column, C18, particle size 3.5 m, 2.1 ϫ 100 mm. The HPLC system was coupled to an Agilent 6530 Q-TOF mass spectrometer, using the following buffer systems: (A) 2% acetonitrile, 0.1% formic acid in water; (B) 90% acetonitrile, 0.1% formic acid in water. Peptides were eluted at a 0.25 ml/min flow rate with the following gradients: 5% B for 5 min, gradient to 45% B over 24.5 min, gradient to 95% B in 2 min, 95% B for 2 min, gradient from 95 to 5% B in 4 min, 5% B for 10 min. The effluent from the HPLC column was directly introduced into the mass spectrometer. The Agilent 6530 instrument was operated with an electrospray ion source in the positive ionization mode, mass range 100 -3200 m/z, and 1 spectra/s acquisition rate. Data were collected in both centroid and profile formats. Instrument control was through Agilent Mass Hunter LC-MS 6500 Q-TOF series software (version B.05.01). Data analysis was carried out with MassHunter Qualitative Analysis (version B.06.00) with Bio-Confirm software. Mass error were calculated using the following equation. 
NMR spectroscopy
NMR data were collected using Bruker Avance II 500 and Avance IIIHD 850 MHz NMR spectrometer equipped with TCI HCN Z-gradient cryoprobes at 298 K. NMR measurements of HePTP, STEP, and PTPRR were recorded using 2 H, 15 N-labeled protein at a final concentration of ϳ0.1 mM, in Analysis Buffer and 90% H 2 O, 10% D 2 O. The previously published sequencespecific backbone assignment of HePTP (BMRB 15680 (47)) was verified using 2 H, 15 N, 13 C-labeled HePTP (0.5 mM) and 2D [ 1 H, 15 N]TROSY, 3D TROSY-HNCA, 3D TROSY-HN(CO)CA, and 3D TROSY-HNCACB experiments. All NMR data were processed using NMRpipe (48) and analyzed using CcpNMR (49) .
NMR analysis in the presence of H 2 O 2
[ 2 H, 15 N]HePTP, STEP, or PTPRR (0.1 mM) were incubated with different concentrations of H 2 O 2 (0, 32, 100, 175, 300, and 500 M for HePTP; 0, 80, and 250 M for STEP and 0 and 1000 M for PTPRR) for 10 min. The reaction was stopped upon addition of catalase (60 units/ml) and a 2D [ 1 H, 15 
Statistical analysis
Graphs were plotted in Sigma Plot 12.5 or GraphPad Prism 6. For all kinetics data, the statistical analysis was performed using the unpaired or paired t test (Sigma Plot 12.5), with significance of p Ͻ 0.05 or a two-way ANOVA analysis using Prism GraphPad 6. All rate constants were analyzed using Sigma Plot version 12.5.
